Introduction
In many ways, transcription can be regarded as the most important part in the mRNA life cycle. It is not only responsible for the synthesis of a transcript itself, but via 5′ capping, splicing and 3′ end formation it also converts a pre-mRNA into an export, translation and decay competent mRNA. These three processes occur co-transcriptionally while a pre-mRNA is still associated with a transcribing RNA polymerase II (RNAPII). As transcription proceeds, an RNAPII recruits pre-mRNA processing regulators thus temporally dictating the conversion of each pre-mRNA into mature mRNA (reviewed in [1] ). Transcription also controls the length of 5′ and 3′ untranslated regions (UTRs) through alternative transcription start site (TSS) choice [2] and alternative polyadenylation (APA) [3] . Since longer UTRs normally contain more cis regulatory sequences, which can be targeted by RNAbinding proteins (RBPs) or microRNAs (miRNAs), alternative TSS and polyadenylation thus affect mRNA stability and/or translatability. RNAPII and associated transcription factors can also recruit various post-transcriptional regulators that are co-transcriptionally deposited or imprinted onto a nascent mRNA (reviewed in [4, 5] , Table 1 ). By modulating this recruitment process a cell could vary the way a single mRNA species is regulated in the cytoplasm. Such RNAPII-dependent post-transcriptional mRNA regulation could play an important role during growth, differentiation, development and in response to environmental signals.
An essential and well-controlled component of the gene expression system is the cytoplasmic mRNA decay pathway, considered to represent the end-point of the mRNA life. Following shortening of the mRNA poly(A) tail by deadenylases, the eukaryotic mRNA can then be degraded via two pathways: from 3′ to 5′ by the cytoplasmic exosome or from 5′ to 3′ by the Xrn1p exonuclease. The latter pathway involves prior removal of the 5′-cap by the decapping complex. In yeast, it is composed of two proteins: Dcp2p, the decapping enzyme and Dcp1p, a regulatory subunit. In Drosophila and mammals a third protein, Ge-1/Hedls, is also a part of this complex. In mammalian cells there are multiple decapping enzymes, compared to a single enzyme in yeast. The decapping process is assisted and regulated by a multitude of proteins including Pat1p, Dhh1p, Edc3p and the Lsm1-7 heptamer (see reviews in this issue).
Commitment of an organism to a new physiological state involves transitions from one gene expression pattern to another. These transitions entail altered transcriptional profiles, which are often accompanied by changes in mRNA stability thus allowing an organism to quickly respond to cellular and environmental changes. For example, in budding yeast quiescence causes stabilization of newly transcribed G0 mRNAs [6] while cell cycle-dependent changes in transcriptional activity can be coupled with changes in mRNA stability [7] [8] [9] . Similarly, fission yeast control meiotic gene expression via global coordination between transcriptional control and mRNA decay [10] . Furthermore, environmental stimuli, such as temperature and osmotic shock, oxidative stress, amino acid starvation and nitrogen source depletion all cause changes in transcriptional program often accompanied by changes in mRNA stability [11] [12] [13] [14] [15] [16] [17] [18] [19] . These gene expression transitions involve groups of transcripts (RNA regulons), which can be post-transcriptionally regulated by one or more RBPs. Such co-regulation in turn facilitates synchronous cellular response to a particular stimulus [20] . For example, the Rpb4/7p heterodimer, an RNAPII subunit and a regulator of cytoplasmic mRNA stability, co-transcriptionally binds its target mRNAs [21, 22] . These transcripts (and genes) thus comprise an Rpb4/7p-regulon. Coupling between transcription and decay via Rpb4/7p complex ensures two consequences: Rpb4/7p controls the cellular mRNA abundance by reducing the rate of decay thus preventing unnecessary mRNA synthesis (see Sections 2.1.1, 3.2), while precise titration of transcript levels involved in protein synthesis regulates cellular growth rate by globally fine-tuning the rate of translation in response to the environment and nutrient availability.
Coupling is also an evolutionary conserved phenomenon and is a strategy adopted by a variety of budding and fission yeast genes [23] . Mechanistically, the coupling is achieved via specific cis sequences or trans regulators and mutations in either of the two affect transcription and decay concurrently. Dori-Bachash et al. demonstrated that for most genes identified, the coupling occurs via Rpb4/7p and CCR4-NOT, two complexes involved in the regulation of both mRNA synthesis and mRNA decay, although several other regulators have also been identified (see Section 2.1). Interestingly, coupling can also involve specific promoters as well as transcription factors [23] , raising a possibility that a promoter and a transcription factor recruit decay regulators, which are then imprinted onto an mRNA thus directly coupling transcription with decay. In support of this possibility are three publications that demonstrate promoter-regulated mRNA turnover in mammalian cells and in yeast [9, 24, 25] . Coupling transcription and decay via a promoter is a unique regulatory mechanism because the specificity of mRNA turnover is encoded entirely in the promoter sequence itself. mRNAs that share their promoter elements will therefore share not only their transcription patterns but also their decay patterns without the need for common, yet specific sequence motives. These groups of mRNAs constitute promoter-specified mRNA regulons.
Transcription and decay are not only mechanistically coupled through shared cis and trans regulatory sequences or factors, but can influence each other kinetically. In budding yeast and in higher eukaryotes, attenuated rate of transcription decreases the rate of mRNA turnover while an increase in the rate of transcription also increases the rate of mRNA decay. Such mutual feedback maintains the steady-state mRNA levels and either globally affects the cellular mRNA abundance [26, 27] or acts in a gene-specific manner (see Section 3.3) [8] . These findings also imply that a single mRNA can exhibit several stabilities in its lifetime simply by responding to changes in transcription rates, presumably independently of specific cis mRNA sequences or trans regulators.
This review highlights the recent findings of coupling between transcription and decay. In many cases, it is this communication and mutual dependence between the two processes that finally shapes a gene expression response. Here, we propose a new model for gene expression regulation: coupling between transcription and decay lies at the core of eukaryotic gene expression regulation, a mechanism likely employed by the majority of genes and in a variety of organisms.
Mechanisms for coupling transcription and decay
The mechanism by which transcription affects mRNA decay in the cytoplasm is currently under intense investigation (summarized in Table 1 , Fig. 1 ). Already, several findings suggest one possible mechanism, which involves direct imprinting of the mRNA with trans activating factors. These factors are recruited onto the mRNA during transcription, and affect post-transcriptional events, including decay. cis-Acting elements appear to be required for some imprinting mechanisms. In other cases, cis-acting elements directly regulate the stability of the mRNA, either by attracting cytoplasmic RNA binding factors that regulate decay, or by interacting with the decay factors themselves.
2.1. trans-Acting proteins: mRNA coordinators and mRNA imprinting 2.1.1. Rpb4/7pthe mRNA coordinator prototype
The best characterized imprinting process, and most direct evidence for coupling transcription and decay, is that of the yeast RNAPII subunits Rpb4p and Rpb7p. Rpb4p and Rpb7p were first identified as the fourth (Rpb4) and seventh (Rpb7) largest subunits of RNAPII and normally associate with the core polymerase as a heterodimer. Nevertheless, Rpb7p is an essential protein, whereas Rpb4p is dispensable under optimal environmental conditions but essential under some adverse conditions (reviewed in [4] ). An early observation that singled Rpb4/7p out as unusual among RNAPII subunits was its sub-stoichiometric association with the RNAPII complex [28] (though free Rpb4p is found in excess of RNPII in yeast cells [29] ) and its propensity to dissociate from the core polymerase [30] .
The ability of Rpb4/7p to dissociate from RNAPII in a reversible manner has been exploited to demonstrate that this complex is required for promoter-directed initiation of transcription in vitro [30, 31] . It is further required for recruitment of 3′-end processing factors and proper usage of polyadenylation sites [32] (see also Section 2.2.3). Recently, a mechanism for Rpb4/7p-induced dissociation was suggested, in which ubiquitylation of Rpb1p, phosphorylated at serine 5 on the C-terminal domain, excludes Rpb4/7p from RNAPII [33] . However, since this event occurs during early elongation, and renders RNAPII inactive (at least in vitro), this is likely a quality control mechanism, unrelated to the imprinting mechanism.
Two studies have provided evidence that during elongation, the extended RNA that exits the polymerase encounters Rpb7p and forms contacts with it [34, 35] . It is probably through this strategy that Rpb4/7p becomes imprinted onto the mRNA. Although it is yet unknown exactly when during transcription Rpb4/7p leaves RNAPII and binds to the mRNA, evidence demonstrates that association of Rpb4/7p with the mRNA depends on the association with the core polymerase, presumably during transcription [21] .
Finally, post-transcriptional roles for Rpb4/7p in regulating mRNA export, translation and mRNA decay have been described and depend on prior association of the complex with RNAPII [21, 22, [36] [37] [38] . Rpb4/ 7p shuttles between the nucleus and the cytoplasm, in a transcription dependent manner [39] and the nuclear localization signal required for import of Rpb4p to the nucleus was identified to be important for post-transcriptional regulatory functions of Rpb4/7p [37] . Importantly, Rpb4/7p must associate with RNAPII in order for it to exert its post-transcriptional roles [21, 37] . Rpb4/7p was therefore proposed to function as an "mRNA coordinator", since it seems to coordinate all four major stages of gene expression (see Ref. [37] for further discussion).
It is unknown how exactly Rpb4/7p regulates mRNA decay. However, some findings suggest possible mechanisms. Rpb4/7p can interact directly with the mRNA decay sub-complex of Pat1-Lsm1-7 [22, 38] . It is therefore possible that Rpb4/7p recruits Pat1p to the mRNA. Pat1p seems to be a hub for the decay complex, since it interacts with multiple decay factors and it is required for recruiting Lsm1-7p, Dcp1/2p and Xrn1p to the mRNA [40, 41] . Consequently, Rpb4/7p may affect mRNA decapping and subsequent degradation through its interaction with Pat1p. Deadenylation, an early event in mRNA decay, is also regulated by Rpb4/7p [21, 22, 38] . However, no direct interaction of Rpb4/7p with the deadenylation complexes, CCR4-NOT and Pan2/3p, has been detected [22, 38] . Furthermore, lack of Pat1p does not affect deadenylation rates [42] rendering it unlikely that Rpb4/7p affects deadenylation through Pat1-Lsm1-7. It is possible that the effect of Rpb4/7p on deadenylation is mediated by its interaction with eukaryotic translation initiation factor 3 (eIF3) [37] , which participates in both translation initiation and post-termination ribosome disassembly [43] . Although translation termination has been linked to deadenylation (see Section 2.1.2), the connection between eIF3-mediated post-termination events and deadenylation is unclear.
Poly(A) binding protein is a key coordinator
PABPC1 (Pab1p in yeast) is required for both maintaining the poly(A) tail and for inducing deadenylation. Pab1p is involved in the 3′-end processing (cleavage and polyadenylation) of the mRNA [44] and is deposited on the poly(A) tail following adenylation; it is then exported with the mRNA into the cytoplasm [45] , where it regulates translation initiation through its interaction with eIF4F [46] , and translation termination through its interaction with eukaryotic release factor 3 (eRF3). eRF3 has been shown previously to mediate poly(A) shortening and mRNA decay in a manner coupled to translation termination [47] . Furthermore, yeast eRF3 directly interacts with the decapping protein Dcp1p [48] , thus linking translation termination to decapping. Significantly, eRF3 and human PAN2/3 deadenylase compete for their binding to the poly(A) binding protein, PABPC1. The capacity of eRF3 to compete is dependent on translation. Thus binding of eRF3 to PABPC1 blocks access of the deadenylase enzymes to PABPC1-containing poly(A) tails [47] . Binding of PABPC1 and eRF1 to eRF3 might be mutually exclusive [49] , suggesting that eRF3 can bind either to the poly(A) tail or to the terminating ribosome. It is assumed that following deadenylation, Pab1p is imported back into the nucleus. Significantly, impairing the import of Pab1p into the nucleus inhibits mRNA export [45] out of the nucleus, suggesting that the cytoplasmic and nuclear roles of Pab1p are coupled.
Pab1p has been shown to play a key role in deadenylation. For example, cells expressing Pab1-53p that lacks the RRM2 and RRM3 RNA binding domains, exhibit slow deadenylation of several mRNAs, suggesting that Pab1p is required for efficient deadenylation. Likewise, cells carrying pab1ΔRRM1 or pab1ΔP-domain (lacking residues 405-500) exhibit slow deadenylation, which is dependent on Ccr4p, but not Pan2p [50] . In vitro studies showed that Ccr4p/Caf1p can degrade naked poly(A) efficiently. Addition of Pab1p slowed down this enzymatic activity, yet, addition of Pab1ΔC slowed it down even further [51] . These observations suggest that Pab1p protects the poly(A) tail from degradation on one hand, yet it regulates deadenylation in a more complex manner. Pab1p seems to regulate Ccr4p/Caf1p activity either by acting on the enzyme or on the substrate. Pab1p interacts with the Pan2/3p deadenylase complex [52] . Likewise, PABPC1 interacts with hPan2/3 and hCaf1/Ccr4, the mammalian deadenylases homologous to the yeast Pan2/3p and Ccr4p/Caf1p respectively. Significantly, this interaction stimulates the deadenylation activities of these enzymes [53, 54] . Thus, PABPC1 both recruits the deadenylation enzymes and stimulates their activity.
Pab1p can also affect decapping. Artificial tethering of Pab1p to the 3′ UTR of a reporter mRNA can stabilize mRNAs and uncouple decapping from deadenylation [55] , suggesting that Pab1p represses decapping. Hence, removal of Pab1p from the mRNA after complete deadenylation might be responsible for decapping [55] , as much as it affects translation initiation [46] .
Thus, like Rpb4/7p, Pab1p (and conceivably PABPC1) seems to be an mRNA coordinator that affects the 3′-end processing and is then imprinted on the mRNA during pre-mRNA processing and then further regulates export, translation initiation, translation termination A mitotic kinase that is co-transcriptionally imprinted on SWI5 and CLB2 mRNAs and regulates their timely decay. [9] mRNA imprinting (speculated a ) CCR4/NOT Major cytoplasmic deadenylase found to have many roles in transcription, including a direct role in elongation.
[ [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [69] [70] [71] [72] Dbp5p/Rat8p A DEAD-box helicase implicated in transcription, export, translation and P-body formation.
RNA binding protein which directs its target mRNAs to P-bodies. Nuclear import is required for association with its target mRNAs. [78, 79] Sus1p A co-factor of SAGA and TREX-2 complexes. Physically interacts with decay factors.
[81] αCP RNA binding protein that regulates hα-globin mRNA 3′-end processing and stability during erythroid maturation. [82, 83] Cth2p ARE binding protein, regulates 3′-end processing and Dhh1-dependent decay of iron deficiency-responsive mRNAs in a transcription-dependent manner.
[ [84] [85] [86] TTP ARE binding protein, regulates decay of immune response, cell cycle and carcinogenesis related mRNAs. Implicated in NF-κB induced transcription.
[ [87] [88] [89] KSRP ARE binding protein implicated in transcription initiation, splicing, RNA editing, mRNA localization and mRNA decay [91] ELAV/Hu family ARE binding proteins that co-assemble with target mRNAs in the nucleus. Regulate 3′end processing, export and decay, including HuR mRNA itself.
[ [92] [93] [94] [95] [96] AUF1 ARE binding protein that destabilizes cytokine mRNAs. Associates with pre-mRNAs.
[97-99] TOB/BTG family Anti-proliferative proteins that modulate transcription and deadenylation by association with transcription factors and PABPC1 and CCR4-NOT, respectively.
[100]
Alternative transcription start site (TSS)
cis elements in 5′ UTR Certain elements are required for human Dcp2 binding and subsequent decapping and decay. [104] Alternative splicing cis elements in the ORF The ORF of several mRNAs (e.g. APP, c-fos, Mn-SOD) determines their stability.
[110] Alternative poly-adenylation (APA) cis elements in 3′ UTR 3′ UTRs contain many mRNA stability cis elements (e.g. ARE, PUF, GU-rich elements, miRNA binding sites); longer UTRs may contain more regulatory elements. [3, 115, 116] Promoter-regulated decay cis elements in promoters Promoter elements in yeast and mammalian cells were shown to regulate mRNA decay. [9, 24, 25] a Co-transcriptional mRNA imprinting and/or a post-transcriptional role has not been demonstrated.
and consequently deadenylation and decapping. However, the interplay between Rpb4/7p and Pab1p has not been investigated yet, and may yield interesting insight as to the role of both factors in translation termination and deadenylation.
The case of CCR4-NOT4
The CCR4-NOT complex is a large 9-subunit complex that is highly conserved from yeast to human. These subunits include the transcription activator/deadenylase Ccr4p, a second deadenylase (Pop2p/ Caf1p) whose function is yet unclear, five Not proteins (Not1-5p) with various functions and two additional proteins, Caf130p and Caf40p (reviewed in [56] ). Ccr4p was initially identified as a transcription activator [57, 58] . Similarly, the five Not proteins were initially identified as transcription repressors of TATA-less promoters [59] [60] [61] . Subsequent analysis in yeast and higher eukaryotes identified genetic, physical and functional interactions of CCR4-NOT with a plethora of promoters and transcription related proteins and protein complexes (recently reviewed in [62] [63] [64] ). Furthermore, early genetic interaction studies suggested that CCR4-NOT functions in transcription elongation [65, 66] . Indeed, recently it was shown that CCR4-NOT directly promotes transcription elongation by preventing or somewhat modulating backtracking of RNAPII, in a mechanism that is independent of TFIIS [67] . In backtracked RNAPII, the 3′ OH end of the elongating transcript is displaced from the active site to the secondary channel. TFIIS reactivates backtracked RNAPII by stimulating the intrinsic endonuclease activity of RNAPII [68] . CCR4-NOT does not stimulate this activity. Instead, it was suggested that CCR4-NOT associates with the mRNA, and limits the ability of the 3′ end to be displaced, or helps pulling it out of the secondary channel. This activity requires direct interaction with the elongation complex, but does not involve phosphorylation of the C-terminal domain (CTD) of Rpb1p. However, CCR4-NOT requires a minimal RNA length, to which it binds, to exert its effect [67] .
Over the past decade, the CCR4-NOT complex was also implicated in nuclear RNA processing [69] , mRNA export [70] , translation quality control and protein degradation (reviewed in [63] ) and, relevant to this review, as one of the two major deadenylases, important for cytoplasmic mRNA decay [71, 72] .
Many mRNA binding proteins are assumed to recruit the CCR4-NOT complex to the mRNA and/or to stimulate its deadenylation activity. Such factors include Pab1p/PABPC1 (see Section 2.1.2), ARE-binding proteins, Dbf2p, PUF family proteins, TOB/BTG family proteins, Unr, Smaug, Bicaudal-C, NANOS2 and the miRNA induced silencing complex (RISC) (reviewed [63] ; (also see Sections 2.1.5 and 2.2.3)). To date however, the two roles of CCR4-NOT, as a transcriptional and mRNA decay NUCLEUS CYTOPLASM
A. Transcription and decay are coupled processes through imprinting of coordinators onto a nascent mRNA. This imprinting can be mediated via cis or trans factors and it can be promoter or RNAPII dependent (solid lines). There are general coordinators, which are imprinted to a variety of mRNAs (Rpb4/7p, Pab1p (PABPC1), CCR4-NOT, EJC, Dbp5/Rat8p) or class-specific coordinators, which seem to bind to a subset of transcripts (Sus1p, Ssd1p, Dbf2p, αCP, Cth1p, TTP, KSRP, ELAV/Hu, AUF1, TOB/BTG). Transcription and decay can also regulate each other kinetically (dashed lines) to maintain the steady-state levels of cellular mRNAs. B. Alternative TSS and polyadenylation affect 5′ and 3′ UTR lengths. Shorter or longer UTRs allow less or more RBPs to associate with the mRNA and regulate its stability.
regulator, have been investigated separately and thus no mechanistic connection between the two has been established. However, recent work suggests an indirect functional connection between these roles (see Section 3).
Dbp5p/Rat8p
Another possible general coordinator is the yeast Dbp5/Rat8, a DEAD-box RNA helicase that has been implicated in transcription initiation [73] , mRNA export [74, 75] , translation termination [76] and mRNA decay [77] . The roles of Dbp5p/Rat8p in transcription and in decay are based mostly on genetic and physical interactions with TFIIH component Ssl1p and transcription regulator Bur6p and on co-localization with decay factors in P-bodies. It is still not clear whether the distinct functions of Dbp5p are mechanistically linked. Thus, involvement of this protein in the regulation of gene expression as a general coordinator of transcription and decay remains suggestive.
Possible class specific coordinators
Some proteins are implicated in coupling transcription and decay of specific mRNAs or mRNA families. Whereas Rpb7p seems to be coordinating transcription and decay of all gene families [38] , its partner Rpb4p affects the decay rate of only subsets of mRNAs, such as those encoding protein biogenesis factors [22] .
Ssd1p is an RNA binding protein implicated in aging, stress response and polarized growth in yeast. Many of its target mRNAs are involved in bud morphogenesis. Ssd1p requires its NLS in order to associate with its target mRNAs [78] , suggesting co-transcriptional assembly with the mRNAs in the nucleus. In the cytoplasm, Ssd1 regulates mRNA localization to the bud tip [79] , translation [80] and localizing mRNAs to P-bodies [78, 79] , possibly destined for degradation.
Sus1p, a co-factor of the transcription activator SAGA and the export complex TREX2, genetically and physically interacts with decay factors [81] . Thus, Sus1p may specifically coordinate degradation of SAGA-transcribed, TREX2-exported mRNAs.
Dbf2p, a yeast mitotic kinase, associates with SWI5 and CLB2 mRNAs co-transcriptionally and regulates their decay [9] (see also Section 2.2.4).
In human erythroid cells, αCP is an RNA binding protein which associates with the 3′ UTR of hα-globin mRNA, and regulates its 3′-end processing [82] and its stability during erythroid maturation [83] .
Cth2p, an AU-rich element (ARE) RNA binding protein, was found to affect both 3′-end processing [84] and Dhh1p-dependent mRNA decay [85] of specific iron deficiency-responsive genes. Furthermore, Cth2p is a shuttling protein whose export out of the nucleus, and mRNA decay activity, depend on active transcription [86] . Thus Cth2p possesses several characteristics of a class-specific coordinator. Importantly, Cth2p belongs to the conserved Tis11 protein family, which includes the human tristetraprolin (TTP) protein. TTP has a central role in targeting immune and inflammatory responses-related mRNAs for degradation, as well as some mRNAs related to cell cycle, carcinogenesis and development (reviewed in [87] ). Recently, TTP was shown to regulate NF-κB induced transcription. This role has been suggested to involve both p65/NF-κB import to the nucleus [88] , as well as p65/NF-κB acetylation through its interactions with histone-deacetylases (HDAC) 1, -3 and -7 [89] . TTP was also implicated in insulin-dependent transcription of hepatic 3-hydroxy-3methylglutaryl coenzyme A reductase in rats [90] .
More examples of ARE-binding proteins which may act as classspecific coordinators are i) KSRP, a protein that has been implicated in transcription initiation, splicing, RNA editing, mRNA localization and mRNA decay (reviewed in [91] ); ii) the ELAV/Hu proteins can co-assemble with their target mRNAs in the nucleus and facilitate their export [92] and later regulate mRNA stability [93] . Recently, it was found that Hu proteins can also affect alternative splicing (reviewed in [94] ) and alternative polyadenylation [95] (see Section 2.2.3), including that of HuR mRNA itself [96] ; and iii), AUF1 (heterogeneous nuclear ribonuclear protein D), is a nucleus-cytoplasm shuttling protein, and mediates cytoplasmic destabilization of cytokine mRNAs by binding to ARE sequences in the 3′ UTR during inflammatory response [97, 98] . Although coupling between the transcription and decay has not been established for AUF1, the protein has been found to bind to pre-mRNA [99] , suggesting that AUF1, like other coordinators, could become imprinted onto an mRNA co-transcriptionally.
Finally, the TOB/BTG family includes anti-proliferative proteins that are found in both cytoplasm and nucleus of mammalian cells. While these proteins have not been shown to coordinate transcription with decay, data suggest a possible involvement since these proteins modulate transcription by associating with a variety of transcription factors, and deadenylation by associating with PABPC1 and recruiting the CCR4-NOT complex (reviewed in [100] ).
cis-acting elements
So far we have discussed the imprinting or association of different mRNAs with general or class-specific trans-activating factors. However, there are several types of cis-acting elements that affect the fate of the mRNA. Amazingly, in some cases the cis-elements are not found on the mRNA itself.
5′ UTRs
5′ UTRs are mRNA sequences found upstream of the open reading frame (ORF). Some 5′ UTRs contain regulatory cis-elements such as upstream ORFs (uORFs), Internal Ribosome Entry Site (IRES) or Iron Responsive Elements (IRE)all of which were shown to be involved in translation regulation (reviewed in [101] [102] [103] ). Thus, by regulating the translatability of an mRNA, these elements may affect the mRNA stability. However, the relative contribution of such elements to mRNA stability was not tested.
Recently, cis elements in the 5′ UTR of several hundred mRNAs transcribed from human genes were shown to be required for mRNA binding by human decapping enzyme, hDcp2, and ultimately for mRNA degradation [104] . Some of these genes (e.g. HMOX2) have alternative transcription start sites (TSS), which do not change the coding sequence [105] . Thus, decisions on TSS (or alternative splicing of 5′ UTR regions) during initiation of transcription can affect mRNA fate, including its stability, and therefore the expression and localization of the encoded protein, without affecting protein sequence.
Coding sequence
In mammalian cells, two RNA binding proteins associate with the coding region of the alpha-amyloid protein (APP) mRNA. Fragile X-mental retardation protein (FMRP) seems to assemble with mRNAs co-transcriptionally in the nucleus [106] . It inhibits APP mRNA translation and localizes the mRNA to P-bodies (presumably targeted for decay), whereas hnRNP C competes with FMRP on binding to the coding region and enables APP mRNA translation [107] . Unr, a cold shock domain RNA binding protein, associates with the coding region of c-fos mRNA and promotes its degradation via interaction with PABPC1 [108] . The coding region in the mRNA for manganese superoxide dismutage contains a cis element that determines the mRNA stability [109] . Several mRNAs also contain miRNA binding sites in their coding region. Binding of the miRNAs reduces translatability and stability of these mRNAs (reviewed [110] ). Therefore, alternative splicing and other regulatory mechanisms that modulate the coding region can affect not only on the protein product but can also affect the translatability and stability of the alternatively-spliced mRNA.
Introns, or more accurately exon-exon junctions (EEJ), can also be perceived as cis elements that guide coupling between transcription (i.e. splicing) and degradation via the quality control process of nonsense mediated decay (NMD). A large protein complex called the exon junction complex (EJC) is co-transcriptionally deposited 20-24 nucleotides upstream of an EEJ. Along with the NMD regulators, the EJC then co-translationally regulates the NMD process and in some instances, coordinately affects transcription and decay of mRNAs undergoing NMD (see Section 3.5) (reviewed in [111, 112] ).
3′ UTR and downstream sequence elements
For some time, the 3′ UTRs have been known as central regulatory sequences that affect mRNA localization, translatability and stability. 3′ UTRs contain cis elements such as zipcode sequences, AU-rich elements (ARE), GU-rich elements, PUF response elements, miRNA binding sites as well as the poly(A) tail. The length of the 3′ UTR is determined by the maturation process of the 3′ end of the pre-mRNA, which results in cleavage and polyadenylation of the mRNA. The assembly of the 3′ processing complex, composed of multiple components, is regulated by many factors, including the CTD of the largest subunit of RNAPII, as well as cis elements such as the canonical polyadenylation signal AAUAAA and downstream U/GU-rich region. In recent years it is becoming apparent that many genes express transcripts with alternative polyadenylation (APA) (i.e. different 3′ UTR lengths) (reviewed in [3] ). It is estimated that 72% of yeast genes [113] and~54% of human genes [114] (or possibly more [113] ) exhibit APA. Mechanisms that regulate APA include differential expression level of 3′ processing factors, RNA binding proteins (e.g. Pab1p (see Section 2.1.2), Nova2, polypyrimidine tract binding protein (PTB), hnRNP H, ELAV/Hu proteins (see Section 2.1.5) and U2AF65), cell signaling pathways, transcription elongation rate, chromatin and epigenetic modifications and several RNA cis elements that are found up or downstream of canonical AAUAAA sequences (reviewed in [3, 115, 116] ). Importantly, APA can affect the mRNA stability since longer 3′ UTRs may contain more cis regulatory elements compared to short 3′ UTRs (see above reviews for specific examples).
Promoters
Promoters are DNA cis-acting regulatory elements which direct transcription initiation and can affect post initiation events, including capping, splicing and 3′-end processing (reviewed in [117] ). Three papers show that promoter elements also affect mRNA decay. Trcek et al. demonstrated that replacing the promoter of SWI5 and CLB2 genes with the promoter of ACT1, drastically affected the decay kinetics of these mRNAs [9] . They further showed that Dbf2p, a mitotic kinase, associates with SWI5 and CLB2 promoters and mRNAs and that the absence of Dbf2p affects decay of these mRNAs. It is unclear how this kinase becomes recruited to SWI5 and CLB2 promoters nor how it interacts with the nascent mRNAs. Dbf2p physically interacts with Cdc5p, a SWI5 and CLB2 transcription factor [118] , which suggests a possible mechanism of recruitment. Since specificity of SWI5 and CLB2 mRNA decay is independent of cis mRNA sequences, it is likely that Dbf2p becomes imprinted onto a general mRNA feature, such as the cap structure, the poly(A) tail or its associated proteins. Interestingly, Dbf2p interacts with CCR4-NOT [119] and thus this kinase might regulate stability of SWI5 and CLB2 through regulation of CCR4-NOT activity [9] .
In the second paper, Bregman et al. found that Rap1p binding sites (RapBS), which are short upstream activating sequences (UAS) found in~5% of yeast promoters, affect the stability of the mRNA that is transcribed via this promoter [24] . Thus, eliminating RapBS from the promoter of RPL30 stabilized the RPL30 mRNA, an effect similar to when RPL30 was transcribed via an ACT1 promoter, which normally does not contain RapBS. When RPL30 mRNA synthesis was controlled by ACT1-RapBS promoter, this mRNA was destabilized again. Furthermore, binding of Rap1p to RapBS is required to regulate the stability of RPL30 mRNA, as well as mRNAs of other genes whose transcription is dependent on Rap1p. However, it seems that in this case Rap1p itself is not imprinted on the mRNA. Therefore, Rap1p may induce imprinting of (a) protein(s) that later affects decay of an mRNA.
The third paper, a report from 1993, showed that in HeLa cells replacement of the β-globin promoter with that of the Herpes simplex virus 1 thymidine kinase (HSV1-TK) stabilizes a nonsense mutation containing β-globin mRNA, whereas this effect was not seen when the promoter was replaced with the CMV immediate early promoter [25] . This report implies that mammalian and viral promoters can also affect the stability of the mRNA (in this case probably via the NMD pathwaysee Sections 2.2.4 and 3.5), similar to yeast promoters, yet likely in a much more complex manner.
The advantages of coupling transcription and decay

Coupling shapes gene expression patterns
When gene expression reacts to cellular and environmental signals by parallel changes in transcription and mRNA decay, such coupling provides an enduring gene expression response. In Saccharomyces cerevisiae, mild osmotic stress leads to rapid up-regulation of transcriptional activity with the concurrent stabilization of "osmo-mRNAs" [120] , while moderate heat shock and DNA damage response cause stabilization of transcriptionally induced mRNAs whereas repressed genes quickly degrade [12, 18] . It has been proposed that these "high endurance" genes, where induced genes are further stabilized and repressed genes are destabilized, likely use the regulation of mRNA stability to enhance the changes in transcription and help maintain a new physiological state [12, 121] .
However, stress can also cause opposing effects on mRNA synthesis and decay. This counterintuitive phenomenon, which has been observed in budding and fission yeast as well as in mammalian cells, characterizes many mRNAs whose levels change rapidly and transiently (a "peaked" behavior) in response to stress. Counteraction might seem counter-productive, but it enables an organism to quickly react to a signal, and importantly, it further allows an organism to quickly attain new steady state levels [10, 12, [121] [122] [123] .
The capacity of Rpb4/7p and CCR4-NOT complex to stimulate both mRNA synthesis and decay might underlie this counter action. Recently, Rap1p was found to stimulate mRNA decay in addition to its welldocumented role as a transcription activator. Likewise, Aft1p is capable of stimulating both mRNA synthesis and decay of specific genes involved in the Ftr1/Fet3p-mediated reductive pathway. These kind of factors that both stimulate (or repress) mRNA synthesis and decay seems to be prevalent [121] . We named them "synthegradases" [24] . Synthegradases might serve as a mechanistic basis for the characteristic "peaked" behavior of many genes whose expression responds to environmental changes in a manner that stimulates (or represses) both mRNA synthesis and decay. We suspect that the two-armed mechanism of synthegradases is more responsive to regulatory signals. Specifically, signaling pathways can modulate either the synthetic or the decay function of the synthegradases, thereby affecting the balance between mRNA synthesis and decay and fine-tuning the desired steady-state levels, as well as the kinetics with which they are achieved.
Coupling may facilitate evolution
The rate by which an organism evolves can be restricted, if multiple mutations must be acquired in order to evolve a new trait, such as a new regulatory mechanism (reviewed in [121] ). Coupling transcription with decay facilitates evolvability as it reduces the number of mutations needed to achieve coordination between the two processes. In the absence of coupling, each process would demand a separate set of mutations, resulting in a slower rate of fixation of a trait [124] .
A unique example of coupling occurs when coupling proceeds via the promoter sequence. Two genes belonging to the CLB2 cluster, SWI5 and CLB2, couple their transcription with decay via a promoter sequence [9] (see Section 2.2.4). Thus SWI5 and CLB2 coordinate not only their transcription but also their decay. Since promoter provides specificity of decay and is independent of unique cis mRNA sequences, this strategy might be very efficient from an evolutionary point of view. To preserve regulation of mRNA decay and to maintain temporal coordination with transcription, only the promoter sequence needs to be subjected to evolutionary pressure while the mRNA sequence can vary independently without disrupting regulation of decay or coupling between the two processes.
It is likely that other genes in the CLB2 cluster are similarly regulated as SWI5 and CLB2, since they share promoter sequences with SWI5 and CLB2. Importantly, there needs to be no sequence similarity among mRNAs in an individual cluster to achieve temporal co-regulation of decay of multiple mRNAs. Such a gene cluster/mRNA regulon would ensure that during the cell cycle, gene expression profile of all mRNAs would oscillate as a group ensuring precise transitions from one cell cycle phase into the other. This strategy therefore would reduce the number of necessary mutations to create a novel regulatory mechanism and would thus likely prove to be evolutionary advantageous.
Co-transcriptional RNA-protein interaction has two advantageous features. First, the interacting partners are placed near each other in a manner that can stimulate (or in some cases represses) binding. Second, the protein is exposed to the emerging RNA in a temporal manner. Thus as a nascent mRNA emerges from an elongating polymerase, it provides an RNA-binding protein a temporal window for binding to a cis sequence or a secondary mRNA structure, which could otherwise be occupied by other RBPs or would not exist in a mature, cytoplasmic transcript. Once in the cytoplasm, this RNP complex can be subject to competition with cytoplasmic regulators which can displace the imprinted protein. Co-transcriptional imprinting would thus affect specificity in a temporal fashion [121] .
Finally, when activation of transcription is coordinated with mRNA stabilization, superfluous mRNA synthesis is avoided simply by not binding the limited stabilizer [9] . Thus, coupling also enables a more resourceful titration of cellular mRNA levels (also see below), ensuring a more energetically efficient gene expression system that could enhance evolvability. Coordination between the two processes via a cis sequence or a trans factor is a conserved mechanism employed by a variety of budding and fission yeast genes [23] indicating that at least in yeast, this strategy proved to be an evolutionary favorable mechanism of gene expression regulation.
Coupling ensures gene dosage compensation
Slowly but steadily, cumulative observations suggest a cross talk between mRNA synthesis and decay. Genome-wide attenuation of transcription can globally modulate the rate of mRNA turnover, which seems to maintain the steady-state levels of cytoplasmic mRNAs. In mouse fibroblasts, Mat1p, a TFIIH kinase subunit, is involved in both mRNA synthesis and decay; it is required for serine5 phosphorylation of the RNAPII C-terminal domain as well as mRNA turnover. Decreased RNAPII Ser5 phosphorylation compromised the transcript capping and severely attenuated transcription elongation. Nevertheless, the steady-state mRNA levels of the majority of genes in Mat1p −/− cells are unaltered suggesting at a genome-wide mRNA stabilization [26] . This phenomenon was also observed in budding yeast. When a point mutation in RNAPII reduces the rate of transcription, cellular mRNA levels are maintained by global reduction in mRNA turnover rates [27] . Surprising however is the finding that deletion of CCR4-NOT complex impairs mRNA turnover, as anticipated, but importantly also causes a decrease in the rate of transcription [27] . However, it is yet unclear whether the reduced transcription rate is due to the increase in mRNA stability or due to the absence of the transcriptional activity of the CCR4-NOT complex.
Gene-dosage compensation can also be gene specific. In budding yeast, modulation of mRNA decay rate compensates for increased transcription to control the concentration of core histone mRNAs during the cell cycle [8] . Stability of canonical histone mRNAs is temporally co-regulated with their transcription: entry into S phase triggers transcription of stable mRNAs while exit from S phase represses transcription of canonical histone mRNAs while their transcripts rapidly degrade [7, 125] .
Yeast canonical histones are each encoded by two genes: H2A by HTA1 and HTA2, H2B by HTB1 and HTB2, H3 by HHT1 and HHT2 and H4 by HHF1 and HHF2 [126] . In haploid cells, the presence of an additional copy of HTA1-HTB1 gene pair increases the rate of HTA1 and HTB1 production, but it does not affect the steady-state mRNA levels. Rather, increased mRNA degradation rate compensates for increased transcription thus maintaining the cytoplasmic steady-state levels [8] . Interestingly, the HTA2-HTB2 locus does not exhibit dosage compensation and when deleted, the lack of HTA2-HTB2 is compensated by an increased HTA1-HTB1 transcription [127] indicating that yeast maintain a precise concentration of core histone mRNAs through transcriptional and post-transcriptional coordination (reviewed in [128] ). The Lsm1-7 heptamer is required for maintaining proper histone mRNA dosage in yeast [129] . Therefore, a plausible mechanism that couples histone mRNA transcription and decay would be through Rpb4p, which physically interacts with the Lsm1-7 heptamer [22] .
Eukaryotes seem to evolve a buffering system that maintains steady-state mRNA levels by compensating transcription with degradation and vice versa when one of the processes is perturbed. mRNA stability however regulates not only the concentration of mRNAs already produced but may also indirectly impact transcription [27] . The mechanisms that enable mutual feedback between transcription and decay are unknown. However, as communication between transcription and cytoplasmic degradation is an evolutionary conserved process [23] , it is likely that such mutual feedback between transcription and decay may be a global mechanism by which eukaryotes regulate their cytoplasmic mRNA levels.
Coupling provides a unified gene expression response
During the mitotic cycle of the budding yeast, transcription of histone mRNAs is temporally coordinated with their stability [7, 125] . In addition, entry into mitosis creates a signal that triggers cessation of SWI5 and CLB2 transcription concomitantly with destabilization of otherwise stable SWI5 and CLB2 transcripts [9] . Thus, for at least some genes, transitions between cell cycle phases are accompanied by coupled changes in transcription and decay, alternating between high and low gene expression activity. When put in a sequence, a tight periodicity in gene expression patterns is created, which could aid in precisely timed execution of cell cycle phase-dependent events. Likewise, coupling between mRNA synthesis and decay plays an important role in shaping the proper levels of stress-responsive mRNAs in response to stresses [12, 13] (see also Section 3.1).
More than 10% of the protein-coding genes are cell cycle regulated in S. cerevisiae [130] . Many of these genes are regulators that coordinate mitotic events such as DNA synthesis, budding and cytokinesis and temporal order of these cell cycle events is precisely controlled [130, 131] . For instance, DNA synthesis must always precede cytokinesis to avoid mitotic division catastrophe [132] . Not surprisingly, many of the cell cycle genes reduce cellular viability or cause cell cycle defects when constitutively expressed [133, 134] . As demonstrated for core histone, SWI5 and CLB2 mRNAs as well as for G0 transcripts, coordination between transcription and mRNA decay would prove important since it enables a cell to restrict expression of a gene only to the period of the cell cycle, when its activity is needed.
Coupling as an mRNA surveillance strategy
Coupling between transcription and mRNA turnover could act as a surveillance mechanism to ensure coordinate removal of erroneously synthesized mRNAs which, if not removed, could cause production of toxic proteins. An example of such coupling during mRNA surveillance is Nonsense-Mediated Decay (NMD). The NMD decay pathway targets a variety of mRNA substrates but the pathway is mostly known for degrading mRNAs that contain a premature translation termination codon (PTC). The recognition of the PTC is translationdependent and involves the UPF1-3 proteins, in higher eukaryotes SMG1 and SMG5-9 proteins, and typically the presence of an exonjunction complex (EJC) located more than 30 nucleotides downstream of the PTC [111, 112] .
During pre-mRNA splicing, EJCs are co-transcriptionally deposited 20 to 24 nucleotides upstream of exon-exon junctions. While in the nucleus, the EJC components recruit UPF3/UPF3X proteins, which then further recruit UPF2 once the mRNA is exported into the cytoplasm. Here, an mRNA undergoes translation during which the ribosome displaces EJC complexes within the ORF from the mRNA [111, 135] . However, if the ribosome stalls at a PTC and one or more EJCs further downstream remain bound to the mRNA, ribosomeassociated UPF1 can interact with the EJC-bound UPF2, leading to UPF1 phosphorylation and subsequent induction of mRNA decay [112, 136, 137] . NMD however does not only regulate decay of the PTC-containing mRNAs but also their transcription. In mammalian cells, unspliced variants of PTC-containing mRNAs (and not their PTC-free counterparts) are retained at their site of transcription and this retention depends on UPF1 and SMG6 [138, 139] . Interestingly, UPF1 and SMG6 do not discriminate targets and using ChIP they immunoprecipitate with both PTC-containing and PTC-free genes, yet in an RNA-independent manner [138] . In some cases, a PTC can also induce a reversible transcriptional silencing of its cognate gene [140] . How precise coupling between the two processes is achieved during NMD is not understood. However, coordination between transcription (retention of aberrant mRNAs at the site of transcription, recruitment of UPF1 and SMG6 to the site of transcription and transcriptional silencing) and mRNA decay (induction of mRNA turnover upon translational recognition of a PTC followed by UPF1 phosphorylation) ensures that at any given time the synthesis and life-span of an aberrant mRNA is minimal thus reducing the probability of translation of truncated and potentially toxic proteins.
Perspective
Over or under expression of factors can be deleterious to living cells. Therefore, it is essential to maintain steady state mRNA levels in a robust manner. In other cases, it is essential to rapidly increase and/or rapidly decrease mRNA levels in response to external or internal cues. These levels are determined by the rate of mRNA synthesis and decay. In order to maintain the required mRNA levels, both synthesis and decay must be coordinated in the cell. Indeed, experimental data from yeast and higher eukaryotes demonstrate the existence of mRNA regulons, which coordinate between their transcription and degradation, despite the physical barrier of the nuclear envelope between the two processes. However, we suggest that these regulons are not exceptional. Instead, coupling between transcription and decay is likely an inherent characteristic of the gene expression process. The cellular level of mRNAs is maintained by direct coupling between the transcription and decay machineries.
The mechanism of coordinating transcription and decay is only now beginning to unravel. There are currently more than 800 known mammalian mRNA binding proteins [141, 142] ; some of them may be coordinators (see Section 2.1, Table 1 ). A major hurdle in the field is the lack of direct measurements of transcription and decay rates simultaneously, though recently effort has been made to advance the field in this direction [9, 24, 27, 143] .
One important mechanism involves imprinting of the mRNA with general and/or class specific coordinator, yet, not much is known about how imprinting occurs. At which step during transcription does a certain factor associate with the mRNA? Which signals are required to create the imprinting? Are there physiological conditions that modulate the imprinting process? Do imprinted factors have to participate in (any) step of the transcription process in order to be imprinted, or is the mRNA imprinted also by factors which have no role in transcription? Does a factor have to be imprinted on all transcripts from a certain gene or only a fraction of them? In the latter case, does this fraction change under different conditions? Furthermore, the current field of mRNA imprinting concentrates on imprinting the mRNA with proteins. However, mRNAs may also be imprinted structurally (by acquisition of a certain structure), chemically (e.g. methylation), or even with other RNAs, creating RNA-RNA hybrids at specific sequences.
Cis elements seem to play a major role in determining the mRNA fate. Though cis elements in 3′ and 5′ UTRs have been known for many years, it seems that regulated inclusion of these elements, by APA and alternative TSS can affect the cytoplasmic fate of the mRNA. Unexpectedly, cis elements in non-transcribed regionspromoter regionscan also affect the mRNA fate. As discussed in Section 2.2.4, these elements probably affect the imprinting of the mRNA. However, promoter elements can also affect TSS choice [144] [145] [146] and APA [147] , which in turn can affect mRNA decay. It is also becoming evident that most mammalian genes have multiple alternative promoters [2] . Thus, depending on the choice of promoter, transcripts from the same gene may have entirely different post-transcriptional properties.
The realization that promoter cis-elements affect mRNA decay also implies that some transcription factors, which bind these elements, regulate not only transcription initiation but also mRNA decay. It could be that, like Dbf2p, some transcription factors act post-transcriptionallyi.e. they are directly imprinted on the mRNA, whereas others are not imprinted on the mRNA themselves, but promote the imprinting of another protein.
An often overlooked way to couple transcription and decay is by signal transduction. Signal transduction pathways transmit an exogenous or endogenous signal through a series of steps to affect many processes, including transcription, cell cycle, apoptosis and more. Recently, some known signal transduction pathways were shown to affect mRNA decay factors. Thus, in yeast, the stress activated MAPKKKK kinase Ste20p directly regulates P-body and stress granule formation, as well as affect the decay of some mRNAs by direct phosphorylation of the decapping enzyme, Dcp2p. Another signal transduction pathway in yeast that affects P-body, but not stress granule assembly is the PKA pathway. PKA subunits were found associated with P-bodies in yeast and Pat1p phosphorylation by PKA was found to be required for large P-body assembly [148] [149] [150] . Similarly, in mammals, the JNK pathway may regulate the dynamic transfer of mRNAs from polysomes to stress granules and P bodies during stress, via a novel JNK binding protein, WDR62 [151] or by direct phosphorylation of the decapping regulator DCP1a [152] . The insulin signal transduction pathway regulates the activity of the decapping enhancer and P-body core component EDC3, via phosphorylation by AKT and binding to 14-3-3 protein. Thus, phosphorylation of EDC3 is required for proper P-body formation, miRNA induced translation repression and the relative interaction of EDC3 with other RNA binding proteins [153] . Since signal transduction pathways also regulate transcription, it is tempting to see if there are cases in which both the synthesis and decay of some classes of mRNAs are simultaneously affected by these pathways. In these cases, synthegradases are good targets because they affect both mRNA synthesis and decay (see Section 3.1).
In recent years, a new model of gene expression is beginning to emerge (Fig. 1) . According to the old view, after its export from the nucleus to the cytoplasm, the mRNA begins a new life, where it meets new partners that regulate its fate. The new model proposes that the fate of the mRNA is already determined during transcription, even before its synthesis is completed. Thus, mRNA localization, translatability, and stability are already pre-determined in the nucleus. We propose that DNA cis-elements, chromatin structure, location of the gene in the nuclear space, transcription factors, ncRNAs and any other features of nuclear molecules can affect the structure and composition of the mRNP, thereby affecting its functions in the cytoplasm. This model therefore views mRNA synthesis as the key event in the expression of protein encoding genes.
